Baculovirus-mediated abnormal protein trafficking was studied in infected caterpillars by using heterologous proteins. The gene for human complement C1r was expressed in larvae of Mamestra brassicae by a recombinant Autographa californica nuclear polyhedrosis virus (AcMNPV) vector. By following the time-course of recombinant C1r distribution among various tissues, cell types and cell organelles, we concluded that the dominant site of recombinant protein synthesis was the fat body, although some production in the haemocytes and midgut was also observed. Only about 4 % of the cells of the infected organs expressed recombinant C1r, which was then secreted into the haemolymph. The tracheal and integumental cuticle was rich in recombinant protein from the fourth day after infection although epidermal cells did not syn-
Introduction
Some baculoviruses, such as Autographa californica (AcMNPV) and Bombyx mori nuclear polyhedrosis viruses, have received broad attention because of their use as expression vectors (Smith et al., 1983 ; Pennock et al., 1984 ; Maeda et al., 1985 ; Matsuura et al., 1987 ; O'Reilly et al., 1992) . In recent years the genome structure and sequence, gene expression and functioning of AcMNPV have been elucidated (Ayres et al., 1994 ; Kool et al., 1995) with the purpose of developing improved expression vectors. In earlier studies we have reported the expression of human complement C1r (a complex, multidomain glycoprotein) in Sf9 cells by a baculovirus vector (Ga! l et al., 1989 ; Sa! rva! ri et al., 1990) . In the present study, this vector was used to infect larvae of Mamestra brassicae by injection of budded virus and to follow the fate of Author for correspondence : Miklo! s Sass.
Fax j36 266 7884. e-mail msass!ludens.elte.hu thesize recombinant C1r. The morphological picture suggested that the accumulation was a consequence of a trans-epithelial transport. This transport process was checked by following the fate of the 49 kDa haemolymph protein and injected ovalbumin in AcMNPV-infected Mamestra brassicae and in Lymantria dispar nuclear polyhedrosis virusinfected Lymantria dispar larvae. Both proteins were able to pass the basal membrane of the epidermis and accumulated in the cuticle, while in control larvae neither was transported. The observed transepithelial transport points to the role of baculoviruses in directing recombinant, endo-and exogenous proteins to cuticulated tissues. Based on these results we conclude that the permeability of basal membranes undergoes a characteristic change during the course of baculovirus infection.
the recombinant protein in baculovirus-infected caterpillars. The localization of a secreted recombinant protein in various tissues provided an excellent marker to follow changes in protein trafficking in the host during baculovirus infection.
Histopathological studies done with light and electron microscopy have revealed many details of the baculovirus infection process and of their systemic spread in insect hosts. Insects usually become infected with AcMNPV by ingestion of polyhedra during the larval stages. Ingested polyhedra dissolve in the alkaline environment of the midgut and occluded virus particles are released into the gut lumen (Harrap & Longworth, 1974) . Occluded viruses pass through the peritropic membrane, and then bind to and fuse with the microvillar membrane (Granados & Williams, 1986) . After entry into the columnar cells the parental nucleocapsids are transported to the nucleus (Granados & Lawler, 1981) where early AcMNPV genes are transcribed. A recent study has provided evidence that infection does not spread to tissues other than the midgut epithelium until 12 h post-infection (p.i.), and haemocytes become infected only at 20 h p.i. (Flipsen et al., 1995) . These results indicate that virus replication in the midgut epithelium precedes infection of other larval tissues. Virus particles elude the selective permeability of the basal lamina and infect cells associated with the midgut basal lamina or, alternatively, virions are released directly into the haemocoel. Once budded virus circulates in the haemocoel all organs of the host organism are exposed to the virus simultaneously.
In the present study, recombinant AcMNPV was injected directly into the haemocoel and the synthesis, transport and accumulation of the recombinant protein were studied. It was established that recombinant C1r was transported into the cuticle. Experimental evidence is presented that the transport of C1r is not due to its molecular characteristics. It seems to be a general phenomenon, since transport of an endogenous haemolymph protein and the exogenous protein ovalbumin have been also demonstrated in baculovirus-infected insects.
Methods
Insects. Larvae of Mamestra brassicae (Lepidoptera, Noctuidae), Pieris brassicae (Lepidoptera, Pieridae) and Lymantria dispar (gypsy moth) were kindly provided by La! szlo! Varjas (Institute of Plant Protection, Hungarian Academy of Sciences, Budapest) ; they were in the penultimate larval stage and were maintained in the laboratory at 25 mC on a semisynthetic diet (Hunter et al., 1984) . Before use, the stocks were carefully synchronized at the last moult.
Propagation of the recombinant baculovirus. Sf9 cells (Summers & Smith, 1987) were used for the routine propagation of AcMNPV and AcMNPV-C1r (Ga! l et al., 1989) , which contains the cDNA coding for human complement C1r (Leytus et al., 1986) . For injection, extracellular virus was prepared as follows. At 24 h p.i. complete medium was replaced by Grace's medium, and the supernatant was harvested 96 h p.i. Cells and debris were pelleted by centrifugation (3000 r.p.m., 10 min) and the supernatant was kept at 4 mC and used for infection. Infection of insect larvae with virus. Five µl of tissue-culture supernatant of AcMNPV-C1r-infected Sf9 cells (10& p.f.u.) was injected into the haemocoel of Mamestra brassicae larvae on the first day of the last larval instar. Larvae, incubated at 25 mC on fresh diet, were examined daily until death or pupation. Larvae of Lymantria dispar were infected by feeding them virus on small plugs of diet on the first day of the fourth larval instar. Lymantria dispar nuclear polyhedrosis virus (LdMNPV) (Smith et al., 1988) was a generous gift from Alan Wood (Cornell University, Ithaca, NY, USA).
Ovalbumin injection. Ten mg of ovalbumin (Reanal, Budapest, Hungary) was dissolved in 1 ml of physiological saline and the stock was aliquoted. Five µl of this ovalbumin stock was injected into the haemolymph of infected and control larvae. Tissues, dissected 6 h after injection, were homogenized and samples were prepared for SDS-PAGE (Laemmli, 1970) .
Antibodies. Rabbit antiserum raised against human complement C1r was purchased from Behring (Marburg, Germany). The anti-p10 rabbit antibody was kindly provided by J. M. Vlak (Wageningen Agricultural University, The Netherlands). Ovalbumin was used to immunize rabbits according to a standard protocol (Herbert, 1978) . Haemolymph proteins of Manduca sexta were separated and isolated by gel electrophoretic methods. Purified 49 kDa protein was injected into mice to produce polyclonal antibodies.
Western blot. Samples were separated on 10 % SDSpolyacrylamide gels under non-reducing conditions ; the proteins were then transferred onto nitrocellulose (Towbin et al., 1979) . After blocking, proteins were probed with the first antibody for 6 h. Goat anti-rabbit or anti-mouse IgGs labelled with alkaline phosphatase (Sigma) were used as secondary antibodies. The blots were developed with NBT-BCIP (Sigma) substrates.
Sample preparation for immunohistochemistry and for immunogold labelling. In one experiment, ten virus-infected animals and ten controls were fixed for 2 h at 20 mC in 1n5% (w\v) formaldehyde-1% (w\v) glutaraldehyde in 0n1 M cacodylate buffer (pH 7n4) containing 1% (w\v) sucrose. Larval tissues were fixed and dissected on each day of the last larval stage or when they died.
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For immunohistochemistry, the fixed material was embedded in Paraplast (Dulbeco) and 5 µm serial sections were cut. After rehydration and blocking (in 5 %, w\v, Carnation non-fat dry milk powder in PBS), sections were incubated overnight at 4 mC in the first antibody, diluted 1 : 50. The second antibody, labelled with alkaline phosphatase, was applied for 1 h at room temperature. The antibodies were dissolved in PBS containing 1 % (w\v) Carnation non-fat dry milk powder. Fast Red substrate was used for development.
For immunogold labelling, samples were prepared according to the method of Locke (1994) to preserve the antigenicity of the proteins in ultrathin sections. Immunogold labelling was performed by a simplification of the procedure of Leung et al. (1989) . Sections were viewed in a JEOL JEM100 CXII electron microscope.
In each series of immunohistochemical and immunogold labelling experiments, some sections were incubated in the presence of nonimmune rabbit serum. These controls remained negative in each case.
Results

Development of infected larvae
To follow the course and the general physiological effects of recombinant virus infection on the host, developmental changes in treated Mamestra brassicae larvae were monitored. Evidence of infection became apparent at 4 days p.i. : growth ceased, cuticle melanized and motor activity decreased significantly. Before pupation, infected larvae did not display any behaviour characteristic of the wandering stage. At the time of pupation (6 days after the last larval-larval moult) they failed to moult. Some of them began to pupate 8 days p.i., but their moult was disturbed and all of them died in the intermediate form.
Presence of recombinant C1r in various organs
The time of appearance of recombinant C1r in various organs was determined by Western blot. C1r was first detected at 5 days p.i. in the haeomolymph, cuticle and tracheae (Fig. 1) . In the haemolymph the concentration of recombinant C1r changed slightly whereas in the cuticle and tracheae it showed a continuous increase. On the gel, recombinant C1r from the haemolymph migrated faster because of the presence of storage proteins at high concentration.
Time-course of appearance and distribution of recombinant C1r among various tissues and cell types
Immunohistochemical studies were carried out to establish the localization of recombinant C1r in various organs, tissues and cell types. At 3 days p.i. the recombinant protein could be visualized in the haemocytes, in the salivary gland and in the cuticular sheath of the tracheae. On the next day there were signals in some trophocytes of the fat body and in the columnar cells of the midgut in accordance with earlier observations (Keddie et al., 1989 ; Booth et al., 1992) . At 4 days p.i. recombinant C1r appeared in the integumental cuticle. Although the cuticle and the basal membrane of integumental and tracheal epidermis contained the recombinant protein, the epidermal cells did not. Only accidental positive reaction was observed in the integumental epidermis where haemocytes were attached to the basal membrane. No histological change indicating viral infection could be detected in the epidermal cell layer (Fig. 2 c) .
In later phases increased amounts of C1r were observed in the tracheal and integumental cuticle (Fig. 2 b, d ). The specificity of the immunoreaction was demonstrated on control sections incubated in the presence of non-immune rabbit serum instead of anti-C1r antibody (Fig. 2 a) . At 8 days p.i. the recombinant protein disappeared from the haemocytes, salivary glands and midgut cells. Recombinant C1r was identified in the apical part of the cells of the Malpighian tubules and in the follicles of differentiating gonads. Muscles and nerve cells were negative during the course of infection.
In organs that were considered as infected structures, the recombinant protein was produced by only a relatively small fraction of cells (Fig. 3 d ) . The characteristic structure of the infected fat body cells changed drastically. Fat body cells contained a huge amount of autophagic vacuoles, storage protein granules and large lipid droplets, and the small nuclei appeared as flat, disc-shaped bodies (Fig. 3 a) during normal development shortly before pupation. In the fat body cells of wild-type baculovirus-infected larvae the autophagic vacuoles and storage protein granules were not formed, the nuclei were filled with polyhedra and none of the cells were labelled with anti-C1r antibody (Fig. 3 b) . Control experiments with a nonimmune rabbit serum were also performed and gave negative results (Fig. 3 c) .
The focal character of the distribution of C1r-expressing cells was apparent in the fat body lobes at 8 days p.i. Of 11 840 fat body cells originating from ten larvae examined at 8 days p.i. only 21 % were infected as judged from the structural changes of the nuclei, and 4 % of the cells produced recombinant C1r. The localization of the infected and expressing cells did not correlate with the positions of the tracheal elements. On the same sections 15 887 epidermal cells were also investigated : 0n8 % of the cells were infected and none of them expressed recombinant C1r.
These results were in good agreement with the Western blots showing the presence of p10 viral protein in the fat body and not in the epidermis of recombinant-virus-infected larvae at 8 days p.i. (Fig. 4) .
Subcellular localization of recombinant C1r
Immunogold labelling confirmed all of the above immunohistochemical observations and provided additional details. The columnar cells of the midgut contained the recombinant protein at 2, 3 and 4 days p.i. The gold particles were localized mainly above the synthetic apparatus, secretory granules, later on the autophagic vacuoles and on the apical surface of the cells. At 5 days p.i., recombinant C1r disappeared from the columnar cells as observed by light microscopy. No recombinant C1r appeared in other cell types of the midgut, such as JFG muscle elements, connective tissue cells and mesenteria, as detected by immunocytochemistry.
In the fat body cells of infected animals protein storage granules and autophagic vacuoles were not apparent, by electron microscopy, at 4 days p.i. In the trophocytes expressing recombinant C1r, the rough endoplasmic reticulum and the Golgi apparatus were strongly labelled.
The cuticle contained a large amount of recombinant protein from the fourth day p.i. (Fig. 5) . Between the lamellae of larval cuticle, large patches filled with electron-dense material were observed. The recombinant protein was localized in these dense patches, which could also be seen in the cytoplasm of the epidermal cells, almost exclusively in the transport vesicles. Otherwise, only a very weak immunoreaction was detected in the cytoplasm, and the rough endoplasmic reticulum and the Golgi apparatus were not labelled at all. The basal membrane contained the same patches filled with electron-dense material. They were present not only on the haemolymphatic surface of the basal lamina, but on its cellular surface too. In parallel with each immunogold labelling, control sections were incubated in the presence of non-immune serum. On these sections the small electron-dense patches were also observed but none of them were labelled with gold particles.
In the tracheal system recombinant C1r was localized in the cuticular layers (Fig. 6 ), but not in the tracheal epidermis and not in the lacunar network (Fig. 6 b) . The basal lamina was usually well labelled for C1r as was seen in the case of the integumental epidermis. Sometimes the recombinant protein was clearly detected in transport vesicles.
Trans-epithelial transport of haemolymph proteins and ovalbumin
The results of immunogold labelling of the integumental and tracheal epidermis pointed to the possible role of a transepithelial transport in the accumulation of recombinant C1r in cuticulated tissue. To check this, the distribution of endogenous haemolymph proteins was determined in baculovirus-infected Mamestra brassicae larvae. The 49 kDa haemolymph protein occurred exclusively in the blood and never in the cuticle. However, in larvae infected by injection of budded virus on the first day of the last larval stage, the 49 kDa protein was detected in the integumental cuticle at 2 days p.i. (Fig. 7) .
The role of the virus in this transport process was further studied by using an extrinsic protein. Ovalbumin, injected into the haemocoel of AcMNPV-infected Mamestra brassicae larvae, was also detected in the integumental cuticle 6 h after injection (Fig. 8 a) , whereas in control (uninfected) larvae it was not transported at all. The observed transepithelial transport of ovalbumin occurred 4 days p.i. The same experiment was carried out with Pieris brassicae larvae as a negative control. This species is not susceptible to AcMNPV infection. In these controls, injected ovalbumin remained in the haemolymph and never appeared in the integumental cuticle (data not shown).
Transport of ovalbumin in LdMNPV-infected Lymantria dispar larvae
Larvae of Lymantria dispar were infected by feeding on the first day of the fourth larval instar. Ovalbumin was injected into the haemolymph on each day after infection, and 6 h later integumental cuticle was prepared. Western blot experiments showed that ovalbumin was transported from the haemolymph into the integumental cuticle at 6 days p.i. (Fig. 8 b) .
Discussion
Host organisms give a complex pathophysiological response to virus infections. Important parts of the response are the mechanism of virus spread and the trafficking of viral gene products. A recombinant baculovirus containing the cDNA coding for human complement C1r was used to study the fate of a secreted heterologous protein in infected larvae. This approach allowed us to distinguish between the place of synthesis and accumulation, and to explore changes in protein trafficking during the course of baculovirus infection.
Although recombinant viruses were injected into the haemolymph, exposing most of the organs of the caterpillar to the budded virus simultaneously, appearance of the gene product in various organs had a characteristic time-course. Considering that with the exception of the haemocytes, insect tissues and organs are surrounded by basal membranes, one would expect the appearance of the recombinant protein in haemocytes followed by a simultaneous appearance in other tissues. Our immunohistochemical results proved that haemocytes produced the recombinant protein first. In injected larvae, haemocytes are reported to be the primary targets of virus infection in the case of other host insects (Keddie et al., 1989 ; Clem et al., 1994) . It was also suggested that haemocytes carry the infection into other tissues by a cell-to-cell mechanism (Keddie et al., 1989) ; however, subsequent experimental data did not confirm this hypothesis (Engelhard et al., 1994) . According to the present study, the majority of the larval tissues, such as the midgut, fat body, salivary gland and haemocytes, expressed recombinant C1r in the first period after infection.
We observed that in organs considered to be infected, most of the cells did not show any of the characteristic signs of baculovirus infection, and only 4 % of the fat body cells expressed recombinant C1r. A similar phenomenon was reported based on light microscopic sections of Trichoplusia ni larvae infected with a recombinant baculovirus (Booth et al., 1992) , but the immunopositive cells were considered to be plaques of infection. These data and our observations make us think that the focal nature of infection and late-gene expression might require a distinct status of the host cell for baculovirus infection.
JFH M. Sa! rva! ri and others M. Sa! rva! ri and others From the observed sequential appearance of the recombinant protein in various organs and from the immunolocalization at the cellular level, we concluded that recombinant C1r was synthesized mainly in the haemocytes and in the fat body. The presence of recombinant C1r in the haemolymph indicated that, at least in part, it was secreted by the infected cells.
Western blots showed that recombinant C1r was continuously present in the samples prepared from the tracheal system from 5 days p.i. This observation was in apparent agreement with current results suggesting that the lacunar network of the tracheae is the conduit of baculovirus infection (Engelhard et al., 1994) . This conclusion was based on lightmicroscopic histochemical localization of β-galactosidase activity in Trichoplusia ni larvae infected with a recombinant AcMNPV containing the lacZ reporter gene under the control of the Drosophila hsp70 promoter. It was surprising that immunogold labelling of the trachea at cellular level localized recombinant C1r in the tracheal cuticle and never in the tracheal lymphatic space. During sample preparation for electron-microscopic investigations most of the soluble proteins might be washed off from the haemolymphatic space. This might explain the negative results even in the presence of recombinant protein here. But the resolution and specificity of immunogold labelling proves undoubtedly that the majority of the recombinant protein was in the cuticular layer. In infected larvae we detected the recombinant protein not only in the tracheal cuticle, but in the integumental cuticle too. The intensity of the immunoreaction on the blots suggested that recombinant C1r was accumulated in the cuticle during the course of infection. The presence of the recombinant protein in the cuticular layer was also confirmed from the lightmicroscopic sections. Although we investigated several hundreds of preparations obtained from 60 infected animals, the epidermal cells did not show any morphological sign of virus infection. This observation challenges the idea that the epidermis synthesizes recombinant C1r which is then secreted apically into the cuticular layer.
The ultrastructural localization clearly demonstrated that recombinant C1r was present in the cuticle, in the basal lamina and in the transport vesicles of the epidermal cells, but not in the organelles involved in protein synthesis. This interesting morphological distribution of the recombinant protein suggested that the protein passed the membrana basalis as an iron ball might plunge through ice, while the membrane structure remained morphologically intact during the course of infection.
To exclude the possibility that the recombinant protein was synthesized and secreted by the epidermal cells, the presence of the virus-specific p10 protein in the fat body and epidermis was investigated by Western blotting. In recombinant-virusinfected animals, the p10 protein was clearly present in the fat body, whereas the epidermal cell layer did not contain it in detectable concentration at 8 days p.i. According to our morphometric survey only 0n8 % of the epidermal cells were infected. These results prove that the epidermis is not infected : therefore, recombinant C1r is not synthesized in this cell type.
We conclude that the recombinant protein is not synthesized by the epidermal cell layer but is transported from the haemolymph into the cuticle. To check whether the transport of recombinant C1r to the tracheal and integumental cuticle was due to the viral infection and not to the molecular characteristics of the protein itself, the fate of endogenous and extrinsic proteins was studied in control (uninfected) and in baculovirus-infected caterpillars.
Under physiological conditions only two of the haemolymph proteins are transported trans-epithelialy from the haemolymph to the cuticle in Calpodes ethlius (Sass et al., 1993) . In this study, we chose a 49 kDa protein to follow the fate of an endogenous molecule in baculovirus-infected caterpillars. The 49 kDa protein was present in the haemolymph in the course of the last larval stage, but did not occur in the cuticle of control Mamestra brassicae larvae. In baculovirus-infected larvae, however, the 49 kDa protein appeared in the integumental cuticle 2 days p.i.
The phenomenon was further investigated by following the transport of an extrinsic protein. Ovalbumin, injected into the haemolymph of AcMNPV-infected Mamestra brassicae caterpillars, was detected in the integumental cuticle ; it could not be detected in the control larvae. The same result, i.e. virusinduced transport of injected ovalbumin, was obtained by infecting Lymantria dispar larvae with LdMNPV. All these observations support our conclusion that baculoviruses direct proteins of various origins to cuticulated tissues in infected caterpillars.
Control experiments were done with Pieris brassicae larvae, since it is known that AcMNPV does not replicate in these larvae. Injected ovalbumin did not appear in the integumental cuticle of virus-treated Pieris brassicae larvae indicating that baculovirus replication is necessary for the trans-epithelial transport of ovalbumin.
Summing up, the demonstration of the trans-epithelial transport of recombinant C1r, a 49 kDa haemolymph protein and ovalbumin in baculovirus-infected larvae gives support to the idea that the transport is mediated by the virus itself. Since both AcMNPV and LdMNPV induce trans-epithelial transport of proteins we assume that baculoviruses in general carry genes to alter the permeability of basal membranes.
We are indebted to Dr La! szlo! Varjas for supplying the experimental animals and to Professor J. M. Vlak for providing the p10 antibody. We M. Sa! rva! ri and others M. Sa! rva! ri and others 
